Background: A meta-analysis was conducted to assess the impact of radiation-induced ovarian ablation (RT-OA) on amenorrhea cessation rates, progression-free survival, and overall survival in pre/perimenopausal women with breast cancer. Materials and methods: The Medline, CANCERLIT, and Cochrane Library databases and search engines were searched to identify randomized controlled studies comparing RT-OA with control for early or metastatic breast cancer. Further, radiotherapy doses, techniques, and associated side effects were evaluated. Results: Six controlled trials with a total patient population of 3,317 were identified. Pooled results from these trials showed significant amenorrhea rates (P,0.00001) and increase in progression-free survival in patients treated with RT-OA (P,0.00001). However, there was no difference in overall survival (P=0.37). The majority of patients were treated with larger field sizes with parallel-opposed anteroposterior and posteroanterior pelvic fields. RT-OA was generally well tolerated. Radiotherapy doses of 1,500 cGy in five fractions, 1,500 cGy in four fractions, 1,600 cGy in four fractions, and 2,000 cGy in ten fractions were associated with excellent amenorrhea rates. The resultant funnel plot showed no publication bias (Egger test P=0.16). Conclusion: RT-OA is cost-effective and can safely be used in pre/perimenopausal women with metastatic breast cancer, or if luteinizing hormone-releasing hormone analogs are contraindicated, or in patients in whom fertility preservation is not an issue. Radiation dose of 1,500 cGy in five fractions, 1,500 cGy in four fractions, 1,600 cGy in four fractions, and 2,000 cGy in ten fractions showed more efficacies. However, further studies incorporating three-dimensional conformal radiotherapy and intensity-modulated radiotherapy are warranted.
Introduction
In premenopausal patients with breast cancer, up to 90% of estrogen is produced by the ovaries; thus, ovarian ablation (OA) has been widely accepted for the treatment of breast cancer since 1896. 1 However, luteinizing hormone-releasing hormone (LHRH) analogs, which act on the hypothalamic-pituitary-ovarian axis to suppress circulating estrogens to postmenopausal levels, have largely replaced the irreversible methods of OA, especially radiation-induced ovarian ablation (RT-OA), because of their ease of administration, tolerability, less morbidity, and a lower likelihood of permanent amenorrhea, with the potential for restoration of fertility. 2 The relative efficacies of RT-OA and medical ovarian suppression have never been studied in large randomized clinical trials. However, data from two trials performed in patients with metastatic breast cancer comparing LHRH analogs to surgical or RT-OA suggest that LHRH analogs have similar efficacy to these other treatment modalities. 3, 4 Extrapolation of these results to women with early-stage breast cancer is problematic because the optimal duration of ovarian suppression in the adjuvant setting has not been established. 5 The Early Breast Cancer Trialists' Collaborative Group meta-analysis of 12 randomized controlled trials (RCTs) enrolling a total of 2,102 patients has reported ∼25% relative reduction in the risks of recurrence and mortality at 15 years of follow-up in premenopausal women with early invasive breast cancer who underwent oophorectomy or RT-OA compared with those receiving no adjuvant therapy. 6 RT-OA is still a reasonable alternate option for premenopausal patients with breast cancer who are not candidates for LHRH analogs and is also a cost-effective procedure of OA in many countries. 7 We undertook the present meta-analysis with the aim of determining the efficacy, amenorrhea response rates, progression-free survival (PFS), overall survival (OS), and optimal dose of radiation therapy for OA in premenopausal women with breast cancer.
Materials and methods
The search criteria included the studies that were either complete articles of RCTs or retrospective if they were well controlled. The abstracts with full details were also included. The Medline, CANCERLIT, and Cochrane Library databases were searched using the terms "ovarian ablation", "ovarian suppression", "breast cancer", "radiotherapy", and "radiation". These terms were then combined to search for randomized controlled reviews and meta-analyses. The relevant articles were retrieved by two methodologists, and only studies that met the following criteria were included:
• Patients had histologically confirmed breast carcinoma.
• Patients had received RT-OA, with or without hormonal therapy. Control groups were tamoxifen alone, chemotherapy plus tamoxifen, or chemotherapy alone.
• The studies that included only surgical oophorectomy and medical ovarian suppression were excluded.
Outcome measures
The outcome measures were PFS, OS, cessation of menstrual cycles, efficacy of radiotherapy according to different doses, and late toxicity.
Quality assessment
Internal validity of included RCTs was assessed using the Cochrane Risk of Bias tool, which consists of six domains: 1) selection bias, 2) performance bias, 3) detection bias, 4) attrition bias (incomplete outcome data), 5) reporting bias, and 6) other sources of bias. Each separate domain was labeled according to a "low", "unclear", or "high" risk of bias. 8 A trial was finally rated as "low risk of bias" (all six domains rated as low risk), "high risk of bias" (one or more domains rated as high risk), and "unclear risk of bias".
Review analysis
All analyses were carried out on an intention-to-treat analysis basis. For the categorical variables, weighted risk ratios and their 95% CIs were calculated using the Review Manager (RevMan, version 5.0) software application, provided by the Cochrane Collaboration (part of the meta-analytic software program MetaView version 9.1.0: Update Software, Oxford, UK). The results were tested for heterogeneity at the significant level of P,0.05. If there was evidence of heterogeneity, a random-effects model was used for metaanalysis; otherwise, fixed-effects model was used. The odds ratio (OR) and 95% CI were calculated for each trial and presented in forest plot.
We determined the PFS, OS, and cessation of menses on the basis of the follow-up period mentioned in each trial. We also determined the efficacy of various fractionations of radiotherapy in terms of cessation menses.
Publication bias was evaluated using the funnel graph, the Begg-Mazumdar's adjusted rank correlation test, 9 and the Egger's test. 10 For heterogeneity, we carried out the Cochran's Q-test to determine whether the studies are homogenous.
Results

Yield of search strategy and characteristics of eligible studies
The electronic search revealed 712 relevant citations. After screening, 32 full-text articles were retrieved for further assessment. Finally, six studies were identified that met the criteria ( Figure 1) ; the total population of these studies Table 1 . 4, [11] [12] [13] [14] [15] The studies were conducted in several countries. All studies were multicenter trials. All studies included peri-or premenopausal women with early, locally advanced, or metastatic breast cancer. All studies reported on cessation of menses, PFS, and OS outcomes of RT-OA. Two RCTs (33.3%) were rated to be "high risk" of bias, three trials (50%) were considered "low risk", and one trial (16.7%) was classified as unclear risk of bias ( Figure 2 ).
Cessation of menstrual cycles
All six studies with a population of 1,546 patients analyzed the cessation of menstrual cycles as one of the outcomes. The cessation of menstrual cycles was significantly high in patients with RT-OA (P,0.00001). The pooled OR was 0.36 (95% CI: 0.33, 0.40). The result of the test for heterogeneity was not statistically significant. The overall benefit from OA and control to suppress the menstrual cycles is shown in Figure 3 .
Progression-free survival
All six studies with 1,552 patients examined the PFS as one of the outcomes. Among the six studies, only one study 12 showed decrease in all-site recurrences (OR: 0.27, 95% CI: 0.19, 0.38), thus improving PFS in RT-OA arm (P,0.00001).
Overall ORs showed a significant difference between RT-OA and control arms (Figure 4 ).
Overall survival
All the mentioned studies, with 1,386 patients, addressed the OS as one of the outcomes. One study showed minimal improvement in OS, four studies showed no difference, and one study showed better survival in control arm. The pooled ORs were not statistically different between RT-OA and control arms (P=0.37), without any heterogeneity ( Figure 5 ).
Radiotherapy techniques, dose, efficacy, and toxicity
In all studies, patients were treated with parallel-opposed pelvic fields, that is, anteroposterior/posteroanterior, and the dose was prescribed to midplane. Mean field sizes used were 10×15 cm 2 to include both ovaries. In four studies, the upper border was kept at the inferior sacroiliac joint and lower border was kept at mid-obturator foramen. Lateral borders were 1 cm laterally to the pelvic sidewall. However, in two studies, the upper border was kept at sacral promontory and lower border was kept at the bottom of obturator foramen ( Figure 6 ). All studies used conventional radiotherapy, without computed tomography (CT) data. The majority of patients were treated on cobalt 60 and non-multileaf collima- No uniform pattern of radiotherapy dose and fraction size was used in analyzed studies. However, radiotherapy doses of 1,500 cGy in five fractions followed by 1,500 cGy in four fractions, 1,600 cGy in four fractions, 2,000 cGy in ten fractions, and 36 Gy in 18 fractions were found more related with complete cessation of menstrual cycles. RT-OA was generally well tolerated, with minimal and manageable side effects. No grade 3 or 4 toxicities were seen in any prophylaxis or treatment group. No treatmentrelated deaths or second malignancy in irradiated site were reported.
Publication bias
The funnel plot revealed the narrow funnel (Figure 7) , showing no significant publication bias (P-values from Begg-Mazumdar's test and Egger's test were 0.25 and 0.16, respectively). The narrow shape may be attributed to the large number of pooled patients.
Discussion
Over the past 2 decades, with the advent of the LHRH analogs, the use of RT-OA in premenopausal women with breast cancer has been declined. Recent data from currently published clinical trials of LHRH analogs in the adjuvant setting for premenopausal women with ER+ breast cancer are supportive of clinical benefit. 16 Similarly, Zoladex in
Premenopausal Patients trial has shown that the medical OA with goserelin for 2 years in premenopausal patients with ER-positive (ER+) disease produced a statistically significant benefit in terms of disease-free survival, PFS, and a trend toward improvement in OS, irrespective of concurrent adjuvant tamoxifen or chemotherapy. 17, 18 However, RT-OA is still being used in many countries for its low cost and easy administration and can be offered in premenopausal women with relative contraindications to hormonal therapy, especially tamoxifen and LHRH analogs. Evidence supporting an increase in the risk of venous thrombo-embolism (VTE) with tamoxifen treatment comes from the "National Surgical Adjuvant Breast and Bowel Project-1 trial findings, which showed that 35 women on tamoxifen developed VTE compared with just 22 women in the placebo group. Among all women aged 49 years or younger in the trial, there were eight cases recorded in the placebo group versus eleven in the tamoxifen group with a relative risk of 1.39 (95% CI: 0.51, 3.99). 19 Further, a recent meta-analysis of randomized breast carcinoma prevention trials that compared tamoxifen with placebo concluded that the risk of VTE was increased nearly twofold in tamoxifen users (relative risk: 1.9; 95% CI: 1.4, 2.6; P,0.0001). 20 The results of our meta-analysis of RT-OA studies suggest that RT-OA is associated with better amenorrhea rates and minimal improvement in PFS rates in pre/perimenopausal Further pooled adjusted estimates from the prospective studies showed that RT-OA with radiotherapy doses of 1,500 cGy in five fractions, 1,500 cGy in four fractions, 1,600 cGy in four fractions, and 2,000 cGy in ten fractions were the most beneficial among all available dose-fractionation protocols. The results of this meta-analysis support the use of RT-OA as an appropriate option for the pre/perimenopausal patients who are not candidates for LHRH analog-induced ovarian suppression. The advantages of RT-OA are the short treatment time (1 week or 2 weeks), low costs, and manageable adverse events. However, potential risk of second malignancy is of great concern, especially in pre/perimenopausal patients with early breast cancer. The included studies did not address this issue after RT-OA, but the explanation could be the short follow-up in the included studies.
However, no formal method to localize the ovarian position was sorted out in the included studies. In all studies, the patients were treated with conventional radiotherapy methods, that is, the larger parallel-opposed pelvic fields (anteroposterior/posteroanterior), without any pretreatment localization of ovaries. Featherstone et al 21 used ultrasound localization of the ovaries prior to RT-OA in 70 patients. They found that the craniocaudal ovarian position varied from 2.5 cm above the lower aspect of the sacroiliac joint to 2.0 cm above the symphysis pubis, and the field size used was larger to include both ovaries. Counsell et al 22 assessed the variation in ovarian position on CT pelvis images in 81 pre/perimenopausal women. They found that, in 83% of cases, the ovaries were located within the upper two-thirds of a ring defined by the sacroiliac joints, the bony side wall of the pelvis. Due to ovarian movements probably in relation to the degree of bladder filling or rectal distension, they recommended the treatment volumes for conventional RT-OA to extend from the inferior border of the fifth lumbar vertebra down to a level traversing the middle of the femoral heads and 1 cm lateral to the pelvic side walls as described in Figure 6 . However, with the advent of novel radiotherapy techniques, the position of the ovaries can be delineated on diagnostic CT or magnetic resonance imaging fused with CT simulation data. 23 Peters et al 24 assessed the extent of ovarian movement on magnetic resonance imaging images in patients with gynecological malignancies. They have reported that left ovary movement was 17.0±9.67 mm and right ovary movement was 19.7±11.95 mm (P=0.31). Based on this information, planning target volume of 1.5-2.0 cm should be added around the ovaries during three-dimensional conformal radiotherapy or intensity-modulated radiotherapy-based OA to ensure that the ovaries are within the high-radiation-dose area ( Figure 8A and B).
There were two main limitations of our meta-analysis: 1) no comparison was performed between RT-OA and medical ovarian suppression to compare efficacy and 
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2) potential selection bias as some patients in the included studies were treated using surgical oophorectomy, although the number was very small.
Conclusion
Even with similar efficacy, the use of RT-OA in pre/ perimenopausal women with early or metastatic breast cancer is decreasing in comparison to LHRH analogs; however, RT-OA is cost-effective and can safely be used in patients with metastatic breast cancer, or if LHRH analogs are contraindicated, or in patients in whom fertility preservation is not an issue. Radiation doses of 1,500 cGy in five fractions, 1,500 cGy in four fractions, 1,600 cGy in four fractions, and 2,000 cGy in ten fractions are associated with more amenorrhea rates. However, adverse effects can be minimized by RT-OA using three-dimensional conformal radiotherapy and intensity-modulated radiotherapy, for which further studies are warranted.
